Interactions that manifest themselves as lepton number violating processes at low energies in combination with sphaleron transitions typically erase any pre-existing baryon asymmetry of the universe. In this letter, we discuss the constraints obtained from an observation of neutrinoless double beta decay in this context. If a new physics mechanism of neutrinoless double beta decay is observed, typical scenarios of high-scale baryogenesis will be excluded unless the baryon asymmetry is stabilized via some new mechanism. We also sketch how this conclusion can be extended beyond the first lepton generation by incorporating lepton flavor violating processes.
The discovery of neutrino masses is typically understood as a hint for physics beyond the Standard Model (SM). The question whether lepton number is conserved or broken is intimately related to this link. After all, neutrino masses can be realized in two different ways, either as Majorana or as Dirac masses, where in the latter case lepton number has to be protected via a newly invoked symmetry. In the following we will argue that low energy lepton number violation (LNV) in the form of neutrinoless double beta (0νββ) decay will have farreaching consequences for the mechanism of baryogenesis. We will also assess the impact of low energy lepton flavor violation (LFV) to extend the argument beyond the first lepton generation.
The observed baryon asymmetry of the universe, expressed as the baryon-to-photon number density ratio [1] , η obs B = (6.09 ± 0.06) × 10 −10 ,
cannot be understood within the SM [2] . Models of highscale baryogenesis, with leptogenesis [3] as the most popular realization, typically rely on the generation of an asymmetry in the (B − L) number density, where B and L are the total baryon and lepton number, respectively. This involves the presence of (B − L) and CP violating interactions that occur out of thermal equilibrium. The produced (B − L) asymmetry is then rapidly converted into the observed baryon asymmetry by SM (B + L) violating sphaleron interactions above the electroweak (EW) scale up to ≈ 10 12 GeV [4] . Among the possible (B − L) violating interactions we concentrate on those with ∆L = 2 and ∆B = 0 which are most relevant for neutrino physics and especially for 0νββ. If total lepton number is broken reasonably far above the electroweak scale such that light Majorana neutrino masses are induced, the low energy effects can be described by effective ∆L = 2 operators of odd mass dimension. This additionally assumes that there are no other light particles beyond the SM at or below the EW scale. Up to dimension 11, all possible 129 operators are listed in [5] , extending the previous work [6] . We will concentrate on the following examples,
T , e c , u c and d c , where the fermions are described as left-handed two-component fields. The bracketing denotes the chosen Lorentz contraction and we suppress the possible flavor and color structures of the operators. The case O 5 corresponds to the well known Weinberg operator, but all the other operators will generate light Majorana neutrino masses at various loop levels after EW symmetry breaking [5] .
NEUTRINOLESS DOUBLE BETA DECAY
The most prominent probe of low energy LNV is 0νββ decay, the simultaneous transition of two neutrons into two protons and two electrons. The most general Lagrangian triggering the decay can be parametrized as depicted in Fig. 1 , in terms of effective 6-dim and 9-dim operators at the nuclear Fermi scale O(100 MeV) [7] diagrams show the exchange of a light Majorana neutrino generated by O 5 between two SM Fermi interactions (a), the exchange of a light neutrino between a Fermi interaction and the operator O 7 (b), and two short-range contributions triggered by the operators O 9 (c) and
The 0νββ half life can be succinctly written in terms of an effective coupling i of a single operator as T
, where G i and M i are the nuclear 0νββ phase space factor and matrix element, respectively, for a given isotope and operator. The effective couplings i are connected to the scales of the operators in Eq. (2) as [8] 
In terms of the effective 0νββ mass m ee , one simply has 5 = m ee /m e with the electron mass m e , whereas the other couplings are normalized with respect to the Fermi coupling G F and the proton mass m p . The Higgs vacuum expectation value v = 174 GeV arises from EW symmetry breaking thereby generating the effective 6-dim and 9-dim operators for 0νββ. Powers of a generic (average) coupling constant g are included to illustrate the scaling expected in a tree level ultraviolet (UV) completion of an operator. In the following we will set g = 1 for simplicity. The most stringent bounds are currently derived from experimental 0νββ searches in 76 Ge and 136 Xe with 90% C. L. limits of T 1/2 > 2.1 × 10 25 y [9] and T 0 1/2 > (1.1 − 1.9) × 10 25 y [10, 11] , respectively. In deriving the corresponding scales of the operators we use the results of [8] for 76 Ge. Planned future experiments aim to increase the sensitivity by potentially two orders of magnitude to T 1/2 ≈ 10 27 y [12] . Assuming the dominance of a single operator, the half life can be expressed as
where Λ 0 D is the scale corresponding to the current sensitivity. Table I lists the values of Λ 0 D for our selection of operators. The scaling dimension d is identical to the operator dimension D if 0νββ is generated at tree level from the underlying operator, as in the cases we discuss, but could be smaller for loop-induced diagrams.
If 0νββ decay was observed, the responsible operator would still be unknown; distinguishing different mechanisms requires further information such as observation in multiple isotopes [13] or measurement of the decay distribution, for example in the SuperNEMO experiment [14] . The presence of non-standard contributions to 0νββ could also be indicated by potential inconsistencies between the 0νββ results and the determination of the sum of neutrino masses from cosmological considerations. With regard to our analysis, it would be especially important to distinguish the standard mechanism from the other contributions due to the large disparity of scales, cf. Table I .
LEPTON FLAVOR VIOLATION
Neutrinoless double beta decay can only probe the electron-electron component of the LNV operators discussed above, which should in general be dressed with appropriate coefficients in flavor space; for example, 1/Λ 5 9 → c αβ /Λ 5 9 (suppressing quark flavor) with α, β = e, µ, τ and c βα = c αβ . Observation of only 0νββ does not allow to model-independently fix any of the coefficients except c ee . LNV meson decays and direct searches at the LHC might probe the corresponding µµ and τ τ coefficients, whereas the off-diagonal transitions violate not only the total lepton number but also individual flavor numbers by one unit. While LFV and LNV can be observed simultaneously in certain processes, such as µ + → e − conversion in nuclei or in direct searches at the LHC, the most stringent limits on LFV are set on 6-dim ∆L = 0 operators of the form O γ = C γL σ µν¯ c HF µν and O= C(¯ Π 1 )(q Π 2 q) (the Π i represent possible Lorentz structures) [15] , with = e, µ, τ . We define the LFV operator scales Λ i as
again keeping track of generic couplings in a UV complete model through powers of g, which we set to unity in our numerical results. The operator O γ necessarily involves an electromagnetic coupling and cannot be induced at tree level. We therefore include the elementary charge e and a loop suppression factor in C γ . We do not assume any correlation between the 6-dim ∆L = 0 operators and the ∆L = 2 operators discussed above. Instead, each operator can live at a different scale, only constrained or fixed by the experimental data. This will allow us to
9.2 × 10 infer for what temperatures the individual lepton flavor asymmetries are in equilibrium. Among the possible low energy LFV processes, we consider the following observables along with their current limits at 90% C. L.: the decay branching ratios Br µ→eγ < 5.7 × 10 −13 [16] , Br τ → γ 4.0 × 10 −8 ( = e, µ) [18] and the µ−e conversion rate R Au µ→e < 7.0×10 −13 [18] . The expected sensitivities of ongoing and planned experiments are Br µ→eγ ≈ 6.0 × 10 −14 [17] , Br τ → γ ≈ 1.0 × 10 −9 [19] and R Al µ→e ≈ 2.7×10 −17 [20] . Similar to Eq. (4) we relate the observables with the corresponding operator scales, for example for O µeγ ,
and analogously for the operators O τ γ and O µeqq . We omit the possibility that the LFV processes are induced by higher dimensional operators. The scales Λ 0 i corresponding to the current sensitivities are shown in Table II.
LEPTON ASYMMETRY WASHOUT
We now consider the washout of a pre-existing net lepton asymmetry from the above operators. Including only the washout processes generated by a single D-dimensional LNV operator, the Boltzmann equation for the net lepton number η L , normalized to the photon density n γ , can be expressed as
Here, the equilibrium photon density is n γ ≈ 2T 3 /π 2 , the Hubble parameter is H ≈ 1.66 √ g * T 2 /Λ Pl , with the effective number of relativistic degrees of freedom g * (≈ 107 in the SM) and the Planck scale Λ Pl = 1.2 × 10
19 GeV. The constant c D is calculated for each operator by determining the scattering density integrated over the whole phase space and summing over all possible initial and final states. For the operators in Eq. (2) the lepton asymmetry is effective if
This is the case in the temperature interval
The upper limit T Λ D is to ensure that only scales are considered where the effective operator approach is valid. Around the temperature T ≈ Λ D it will become necessary to consider the underlying model with the general effect that the washout rate will be regularized by the exchange of heavy particles with a mass scale of Λ D .
An asymmetry generated at scales above λ D will be washed out if 0νββ is observed at a corresponding rate and if it could be established that the operator in question gives the dominant contribution. Table I shows the values of λ 0 D for the operators in Eq. (2) and the current experimental 0νββ sensitivity. The determination of the lower limit on the scale of baryogenesis can be made more precisely by solving the Boltzmann equation (7) to determine the suppression of a primordial asymmetry down to the EW scale where any remainder is converted to a baryon asymmetry by sphaleron processes. This leads to the increased lower limit
, (10) where we conservatively assume a primordial asymmetry of order one, perhaps generated in a non-thermal fashion. The effective washout intervals for the different operators are shown in Fig. 2 , for both the current and the future experimental 0νββ sensitivity T 1/2 = 10 27 y. An analogous analysis can be applied to the ∆L = 0 LFV operators, but instead of leading to a washout of a net lepton number, we are here interested in the temperature interval where two individual flavor number asymmetries are equilibrated by LFV processes. When this interval overlaps with the ∆L = 2 washout interval of one net flavor number (i.e. electron number if 0νββ is observed), the net number of the other flavor will be efficiently washed out as well. Table II shows the corresponding lower limits for effective washout based on the Temperature intervals where the given LNV and LFV operators are in equilibrium, defined be the operator scale Λ and the minimal washout scales λ,λ as described in the text. In each case, for the left (right) bar it is assumed that the corresponding process is observed at the current (future) experimental sensitivity as given in the text. current experimental sensitivities. Furthermore, the LFV equilibrium intervals are displayed in Fig. 2 in comparison with the LNV washout intervals, for both the current and expected future sensitivities.
The most immediate feature in Table I and Fig. 2 is the stark dichotomy between the scale of the operator O 5 ≈ 10 14 GeV and the scales of the other LNV operators ≈ 10 3−5 GeV. In this way, 0νββ decay probes both very high scales and the TeV scale. Our main conclusion is that if 0νββ decay is observed and triggered by an operator other than O 5 , the resulting washout would rule out baryogenesis mechanisms above the corresponding scalê λ D and therefore essentially anywhere but close to the EW scale. We want to stress that the strong washout intervals only apply if 0νββ is actually observed; if no signal is seen one may only conclude that the washout of the corresponding operator is weak belowλ D . Future experimental improvements of the 0νββ sensitivity may not be able increase much the reach in the scales of O 7,9,11 but they can still extend to probe the phenomenologically interesting Terascale up to ≈ 50 TeV.
Future LFV searches will probe intermediate scales up to ≈ 10 6 GeV, but if τ → γ or µ − e conversion in nuclei was observed, the involved flavors would be equilibrated around the same temperatures as the washout from the LNV operators O 7,9,11 . Combining 0νββ and LFV searches can therefore have a potentially strong impact on our understanding of the baryon asymmetry of the universe. On the other hand, the limit on Br µ→eγ is already so severe that there is essentially no overlap with the LNV ranges. We also showλ for the LFV operators but it should not be interpreted as a lower limit on effective scattering; it merely indicates that the flavor equilibration weakens as the temperature decreases.
CONCLUSIONS
Our results demonstrate that an observation of 0νββ decay can impose a stringent constraint on mechanisms of high-scale baryogenesis. More concretely, if 0νββ decay is triggered by any non-standard mechanism, Fig. 1 (b, c, d ), high-scale baryogenesis is generally excluded. For contribution (b) an experiment such as SuperNEMO which is sensitive to electron tracks and momenta may be able to discriminate this case from the mass mechanism. For contributions (c, d), an observation of 0νββ decay will typically also imply the observation of LNV processes at the LHC [21] . A discovery at the LHC in itself is sufficient to exclude high-scale baryogenesis scenarios [22] . In Fig. 2 we indicate the approximate reach of the LHC in direct LNV searches [22] , illustrating that the LHC and 0νββ probe very similar scales. The results of this work provide further motivation to vigorously search for LNV; if observed, both the mechanism of neutrino mass generation and the then necessarily lowscale mechanism of baryogenesis could be discovered.
Loopholes to this argument exist, such as the LNV washout not affecting a specific lepton flavor. This would be especially problematic in case of the third generation which is difficult to probe at both low and high energies. We have demonstrated that simultaneous observation of 0νββ and LFV processes can be combined to understand if individual flavor asymmetries are washed out. This represents a rather non-trivial motivation for LFV searches. Due to the presence of (B + L) violating sphaleron processes, our arguments do apply to general baryogenesis mechanisms with ∆(B − L) = 0 and not only to the case ∆L = 2, ∆B = 0, but models with new conserved quantum numbers or hidden sectors may be exempt [23] . Such protection mechanisms should be addressed explicitly in any model combining low-scale LNV with high-scale baryogenesis. Apart from this caveat, our analysis is based on an effective operator approach, with the only fundamental assumption that lepton number is broken above the EW scale. It is therefore modelindependent and conservative, and similar bounds can be made more stringent in specific models. For example, successful baryogenesis via leptogenesis can provide bounds on the light neutrino masses in seesaw scenarios [24] .
In summary, if 0νββ decay is observed and it can be demonstrated that it is triggered by a non-standard mechanism, baryogenesis is likely to occur at a low scale.
If on the other hand, baryogenesis is a high-scale phenomenon, the only manifestation of LNV at low scales is 0νββ decay through the standard mass mechanism. In this case it is highly probable that the origin of neutrino mass generation occurs at a high scale as well.
